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Abstract
We present the first model-independent measurement of the absolute branching fraction of the
Λ+c → pK−pi+ decay using a data sample of 978 fb−1 collected with the Belle detector at the KEKB
asymmetric-energy e+e− collider. The number of Λ+c baryons is determined by reconstructing the
recoiling D(∗)−ppi+ system in events of the type e+e− → D(∗)−ppi+Λ+c . The branching fraction is
measured to be B(Λ+c → pK−pi+) = (6.84 ± 0.24+0.21−0.27)%, where the first and second uncertainties
are statistical and systematic, respectively.
PACS numbers: 14.20.Lq, 13.30.Eg, 13.66.Bc
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The hadronic decay Λ+c → pK−pi+ is the reference mode for the measurements of branch-
ing fractions of the Λ+c baryon to any other final state [1]. In addition, this is the most
common decay mode in studies where a Λ+c baryon is included in the final state of the decay
chain, such as the exclusive and inclusive decay rate measurements of b-flavored mesons and
baryons or the measurements of fragmentation fractions of charm and bottom quarks. The
Particle Data Group combines several measurements from the ARGUS and CLEO collabora-
tions [2–8] to determine B(Λ+c → pK−pi+) = (5.0± 1.3)%, where the dominant contribution
to the quoted uncertainty originates from the model dependence of the branching fraction
extraction [9]. A precise measurement of the branching fraction B(Λ+c → pK−pi+) can there-
fore significantly improve the precision of branching fractions of other Λ+c decays and also
those of decays of b-flavored mesons and baryons involving Λ+c .
In this Letter, we present the first model-independent measurement of the absolute
branching fraction of Λ+c → pK−pi+ decays [10] that improves the precision of previous
model-dependent measurements by a factor of five. We use a data sample, corresponding
to an integrated luminosity of 978 fb−1, collected at or near the Υ(nS) (n = 1, 2, 3, 4, 5)
resonances with the Belle detector at the KEKB asymmetric-energy e+e− collider.
The absolute branching fraction of the Λ+c → pK−pi+ decay is given by
B(Λ+c → pK−pi+) =
N(Λ+c → pK−pi+)
NΛcincfbiasε(Λ
+
c → pK−pi+)
, (1)
where NΛcinc is the number of inclusively reconstructed Λ+c baryons, N(Λ+c → pK−pi+) is the
number of reconstructed Λ+c → pK−pi+ decays within the inclusive Λ+c sample, ε(Λ+c →
pK−pi+) is the reconstruction efficiency of Λ+c → pK−pi+ decays within the inclusive Λ+c
sample, and the factor fbias takes into account potential dependence of the inclusive Λ+c
reconstruction efficiency on the Λ+c decay mode.
The e+e− → cc¯ events that contain Λ+c baryons produced through the reactions e+e− →
cc¯ → D(∗)−ppi+Λ+c are fully reconstructed in two steps. In the first, no requirements are
placed on the daughters of the Λ+c baryons in order to obtain an inclusive sample of Λ+c
events that is used as the denominator in the calculation of the branching fraction. The
number of inclusively reconstructed Λ+c baryons is extracted from the distribution of events
in the missing mass recoiling against the D(∗)−ppi+ system,Mmiss(D(∗)ppi) =
√
p2miss(D
(∗)ppi),
where pmiss(D(∗)ppi) = pe+ +pe−−pD(∗)−pp−ppi is the missing four-momentum in the event.
Here, pe+ and pe− are the known four-momenta of the colliding positron and electron beams,
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respectively, and pD(∗) , pp, and ppi are the measured four-momenta of the reconstructed D(∗),
the antiproton, and the pion, respectively. Correctly reconstructed events produce a peak
in the Mmiss(D(∗)ppi) distribution at the nominal Λ+c mass. In the second step, we search for
the decay products of the Λ+c → pK−pi+ decay within the inclusive Λ+c sample reconstructed
in the first step. In particular, we require that there be only three charged tracks, consistent
with being a kaon, pion and proton, in the rest of the event.
The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals located in-
side a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron flux-return
located outside of the coil is instrumented to detect K0L mesons and to identify muons. The
detector is described in detail elsewhere [11, 12]. We use Monte Carlo (MC) events gener-
ated with EVTGEN [13] and JETSET [14] and then processed through the detailed detector
simulation implemented in GEANT3 [15]. Final state radiation from charged particles is
simulated during event generation using the PHOTOS package [16]. The simulated samples
for e+e− annihilation to qq (q = u, d, s, c, and b) are equivalent to six times the integrated
luminosity of the data and are used to develop methods to separate signal events from back-
grounds, identify types of background events, determine the reconstruction efficiency and
parameterize the distributions needed for the extraction of the signal decays.
Charged particles are reconstructed with the CDC and the SVD. Each is required to have
an impact parameter with respect to the interaction point (IP) of less than 1.5 cm along the
positron beam direction and less than 0.5 cm in the plane transverse to the positron beam
direction. A likelihood ratio for a given track to be a kaon, pion, or proton is obtained by
utilizing energy-loss measurements in the CDC, light yield measurements from the ACC,
and time-of-flight information from the TOF. Photons are detected with the ECL and are
required to have energies in the laboratory frame of at least 50 (100) MeV in the ECL barrel
(endcaps). Neutral pion candidates are reconstructed using photon pairs with an invariant
mass between 120 and 150 MeV/c2, which corresponds to ±3.2σ around the nominal pi0
mass [1], where σ represents the resolution. Neutral kaon candidates are reconstructed
using pairs of oppositely-charged pions with an invariant mass within ±20 MeV/c2 (±5σ)
of the nominal K0 mass.
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We reconstruct the charmed pseudoscalar mesons in the following twelve decay modes:
D0 → K−pi+, K−pi+pi0, K−pi+pi+pi−, K−pi+pi+pi−pi0, K0Spi+pi− or K0Spi+pi−pi0; D+ →
K−pi+pi+, K−pi+pi+pi0, K0Spi+, K0Spi+pi0, K0Spi+pi+pi−, or K+K−pi+. In order to reject back-
ground from e+e− → BB events and combinatorial background, the D momentum in the
e+e− frame is required to be greater than 2.3 to 2.5 GeV/c, depending on the decay mode.
To further increase the purity of the reconstructed sample of charmed pseudoscalar mesons,
we combine several variables into a single output variable using the NeuroBayes neural net-
work [17]: the distance between the decay and the production vertices of the D candidate
in the transverse plane, where the D production vertex is defined by the intersection of
its trajectory with the IP region; the χ2 of the vertex fit of the D candidate; the cosine
of the angle between the D momentum and the vector joining its decay and production
vertices in the transverse plane; for two-body D → Kpi decays, the cosine of the angle
between the kaon momentum and the boost direction of the laboratory frame in the D rest
frame; the particle identification likelihood ratios of charged tracks in the final state; and,
for the D decay modes with a pi0, the smaller of the two daughter photons’ energies. The
cut on the network output variable is optimized for each D decay mode individually by
maximizing S/
√
S +B, where S (B) refers to the signal (background) yield in the signal
region that is defined as the ±3σ interval around the nominal D meson mass, where σ is the
decay-mode-dependent invariant-mass resolution and ranges from 4 to 12 MeV/c2. After
optimization, the D purity within the signal region increases from 17% to 42% while only
around 16% of signal D candidates are lost. We use only the D candidates in the signal
region in the remainder of the analysis. More details about the D selection procedure are
given in Ref. [18]. Neutral (charged) D mesons are combined with a charged (neutral) pion
candidate to form charged D∗ candidates. We keep only D∗ candidates in the ±3σ region
around the nominal value of the mass difference m(D∗)−m(D).
The D and D∗ candidates are combined with a proton or antiproton and a remaining
charged pion candidates to form D(∗)ppi combinations that represent a sample of inclusively
reconstructed charm baryons. A kinematic fit to eachD(∗)ppi candidate is performed in which
the particles are required to originate from a common point inside the IP region and the D
mass is constrained to the nominal value [1]. We divide the reconstructed charm baryons into
the right sign (RS) D(∗)−ppi+ and wrong sign (WS) D(∗)−ppi− and D(∗)+ppi− charge combina-
tions based on the charm quantum number and baryon number of the D(∗)ppi combinations
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FIG. 1. The Mmiss(D(∗)ppi) data distributions (points with error bars) for inclusively reconstructed
Λ+c baryons from the (a) RS and (b) WS samples with superimposed fit results (solid line). The
contributions of signal, combinatorial and missingX background are shown with the dashed, dotted,
and dashed-dotted lines, respectively.
relative to their total electric charge. The WS sample, by definition, cannot contain correctly
reconstructed Λ+c candidates so it is used to study properties of the background. We retain
inclusively reconstructed Λ+c candidates with 2.0 GeV/c2 < Mmiss(D(∗)ppi) < 2.5 GeV/c2.
In 15% of the events, we find more than one D(∗)ppi candidate; in such cases we select at
random a single RS (WS) candidate for further analysis, if only RS (WS) candidates are
found, or a single RS and a single WS candidate, if RS and WS candidates are found in an
event.
Figure 1 shows the distributions of Mmiss(D(∗)ppi) for RS and WS candidates. A promi-
nent peak at the nominal Λ+c mass is visible in the spectrum of the RS sample, while the
spectrum of the WS sample is featureless. The yield of inclusively reconstructed Λ+c baryons
is determined by performing a binned maximum likelihood fit to the Mmiss(D(∗)ppi) distri-
bution of RS candidates. The inclusively reconstructed Λ+c candidates fall into three cat-
egories: correctly reconstructed D(∗)ppi combinations from signal events (signal); correctly
reconstructed D(∗)ppi candidates from e+e− → D(∗)−ppi+Λ+c X events, where X represents
one or two additional particles produced in the process of hadronization that are missed
in the reconstruction (missing X background); and all other combinations (combinatorial
background), which also contribute to the WS sample.
The signal candidates are parameterized as the sum of two components a core and an
upper-tail part to describe the contribution of events with an undetected initial state radia-
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tion (ISR) photon [20]. The core (upper-tail) component of the signal is described with the
sum of two (one) Gaussian functions (function) and a bifurcated Gaussian function. In the
fit, we fix all parameters, including the fraction of ISR events, to the values determined from
the MC sample except for the means and the common resolution scaling factor of the first
and the second Gaussian function. The missing X background is parameterized as the sum
of two Gaussian functions, the first for the case of one missing particle, and the second for
the case of two missing particles. All the fit parameters except the normalization are fixed.
We use an exponential function to describe the combinatorial background, where the single
shape parameter is fixed to the value determined by the fit to theMmiss(D(∗)ppi) distribution
in the WS sample [19]. The results of the fits for the WS and RS samples are shown in Fig. 1.
The number of inclusively reconstructed Λ+c baryons is found to be N
Λc
incl = 36447 ± 432,
where the uncertainty is statistical only.
After reconstructing the inclusive sample of Λ+c baryons, we proceed with the reconstruc-
tion of Λ+c → pK−pi+ decays within the inclusive Λ+c sample. This is performed by requiring
exactly three charged tracks to be present in the rest of the event with a net total charge
equal to the charge of the inclusively reconstructed Λ+c candidate. The track whose charge
is opposite that of the inclusive Λ+c candidate is assigned to be the kaon. From the two
same-sign tracks, we identify the proton based on the PID likelihood ratios; the remaining
track is assumed to be a pion. Figure 2 shows the invariant-mass distribution of exclusively
reconstructed Λ+c → pK−pi+ decays within the inclusive Λ+c sample. A clear peak at the
nominal mass of the Λ+c can be seen above a very low background.
MC studies show that the Λ+c inclusive reconstruction efficiency depends weakly on the Λ+c
decay mode and therefore the inclusively reconstructed Λ+c sample does not represent a truly
inclusive sample of Λ+c baryons. This effect is described with the factor fbias = εincΛ+c →f/ε
inc
Λ+c
in
Eq. (1) and is given by the ratio of Λ+c inclusive reconstruction efficiency for Λ+c → f decays,
εinc
Λ+c →f , and the average Λ
+
c inclusive reconstruction efficiency, εincΛc =
∑
i B(Λ+c → i)εincΛc→i.
In the case of f = pK−pi+, the fbias value determined by MC that includes all known Λ+c
decays is found to be consistent with unity and the product of the tag bias and the exclusive
reconstruction efficiency is fbiasε(Λ+c → pK−pi+) = (54.5 ± 0.6)%, where the uncertainty is
due to the limited MC statistics.
The number of exclusively reconstructed Λ+c → pK−pi+ decays within the inclusive Λ+c
sample is determined by performing a fit to the Mmiss(D(∗)ppi) distribution of candidates
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FIG. 2. The M(pKpi) distribution of exclusively reconstructed Λ+c → pK−pi+ candidates within
the inclusive Λ+c sample. The dashed (dotted) vertical lines indicate the borders of signal (SR) and
sideband (SB) regions.
within the signal (SR) and sideband (SB) regions of M(pKpi). The main reason to perform
a fit to the Mmiss(D(∗)ppi) distribution rather than the M(pKpi) distribution is that, in the
former case, the systematic uncertainty related to the parameterization ofMmiss(D(∗)ppi) dis-
tributions cancels to a large extent in the ratio of exclusively and inclusively reconstructed
Λ+c candidates (see Eq. 1) while, in the latter case, it does not. The fits to theMmiss(D(∗)ppi)
distributions of candidates within the signal and sideband regions ofM(pKpi) are performed
in the same way and using the same parameterization as the fit to the Mmiss(D(∗)ppi) distri-
bution of all inclusive Λ+c candidates. We first fit candidates in the WS sample to determine
the shape parameter of the combinatorial background that we then fix in the fit of the RS
sample. In the RS fit, the signal shape parameters are fixed to the values found in the
fit to the total inclusive Λ+c sample. Figure 3 shows the results of the fits to the RS and
WSMmiss(D(∗)ppi) distributions of exclusively reconstructed Λ+c candidates within the signal
and sideband regions of M(pKpi). The signal yields are found to be NSRexcl = 1457± 44 and
NSBexcl = 332± 27, where the uncertainties are statistical.
The number of exclusively reconstructed Λ+c → pK−pi+ decays within the inclusive Λ+c
sample (where both exclusive and inclusive Λ+c candidates are correctly reconstructed) is
given by N(Λ+c → pK−pi+) = NSRexcl − rSBSRNSBexcl, where NSR(SB)excl is the yield of correctly
reconstructed inclusive Λ+c candidates from the fit to the Mmiss(D(∗)ppi) distribution of can-
didates within the signal (sideband) region of the M(pKpi) distribution. The ratio rSBSR
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FIG. 3. The Mmiss(D(∗)ppi) data distributions (points with error bars) of exclusively reconstructed
Λ+c → pK−pi+ candidates. (a) and (c) for the SR region and (b) and (d) SB region of M(pKpi) for
the RS and WS samples, respectively, with superimposed fit results (solid line). The contributions
of signal, combinatorial and missing X background are shown with the dashed, dotted, and dashed-
dotted lines, respectively.
is formed from the yields of correctly reconstructed inclusive Λ+c candidates but wrongly
reconstructed exclusive Λ+c candidates within the signal and sideband regions. These can-
didates peak in Mmiss(D(∗)ppi) but not in M(pKpi). The ratio is determined on a sim-
ulated sample of events to be rSBSR = 0.296 ± 0.015. The number of exclusively recon-
structed Λ+c → pK−pi+ decays is thus N(Λ+c → pK−pi+) = 1359 ± 45, where the uncer-
tainty includes the NSRexcl and NSBexcl statistical uncertainties. The branching fraction, given by
Eq. 1, is B(Λ+c → pK−pi+) = (6.84± 0.24)%, where the uncertainty includes both exclusive
(N(Λ+c → pK−pi+)) and inclusive (NΛcincl) uncertainties.
As a check, we extract the branching fractions of Λ+c → pK−pi+ decays for each D(∗)+
decay mode individually; these are found to be in good agreement with each other as well
as with the nominal result. As mentioned above, the alternative way to determine the num-
ber of exclusively reconstructed Λ+c → pK−pi+ decays is to perform a fit to the M(pKpi)
distribution: we find 1208 ± 41 correctly reconstructed Λ+c → pK−pi+ decays within the
2.16 GeV/c2 < Mmiss(D
(∗)ppi) < 2.38 GeV/c2 region and the resulting branching fraction,
(6.78± 0.24)%, in excellent agreement with the nominal result. We perform another model-
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TABLE I. Summary of systematic uncertainties.
Source Uncertainty [%]
Tracking 1.1
Proton ID 0.4
Efficiency 1.1
Dalitz model 1.1
fbias 1.5
Bkg. subtraction +0.5−0.9
Fit Model +1.7−2.9
Total +3.0−3.9
independent measurement of B(Λ+c → pK−pi+) in events of e+e− → D(∗)−ppi+Λ+c and
e+e− → D0pΛ+c that utilizes a cut-based D(∗) selection. Here, we determine the number
of Λ+c → pK−pi+ decays within the inclusive Λ+c sample by a fit to the missing energy
of the event, which is expected to be zero for signal. The measured branching fraction,
(7.04 ± 0.38)%, where the uncertainty is statistical, is found to be in good agreement with
the nominal result.
Systematic uncertainties in the calculation of the branching fraction arise due to im-
perfect knowledge of the efficiency of the exclusive reconstruction of Λ+c → pK−pi+ decays
within the inclusive Λ+c sample and the modeling of signal and background contributions
in fits to the Mmiss(D(∗)ppi) distributions of inclusive and exclusive candidates. Since the
branching fraction is determined relative to the number of inclusively reconstructed Λ+c
baryons, the systematic uncertainties in the reconstruction of the D(∗)ppi system cancel.
The estimated systematic uncertainties are summarized in Table I and described below.
The systematic uncertainty due to charged-track reconstruction efficiency is estimated to
be 0.35% per track (1.1% in total) from partially reconstructed D∗+ → D0(K0Spi+pi−)pi+
decays. We estimate the uncertainty due to proton identification (0.4%) using a Λ → ppi−
sample. The systematic uncertainty due to the requirement that there are no additional
tracks present in an event after the exclusive reconstruction of Λ+c → pK−pi+ candidates
within the inclusive Λ+c sample is estimated as follows. We compare the ratios of events
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with correctly reconstructed exclusive Λ+c candidate within the inclusive Λ+c sample with
and without any additional tracks detected as determined on simulated and data samples.
We find the ratios to be small and in good agreement and therefore assign no additional
systematic uncertainty. We include, as a source of systematic uncertainty, the statisti-
cal uncertainty of the MC-determined efficiency (1.1%). The reconstruction efficiency of
Λ+c → pK−pi+ decays is found to vary weakly across the pK−pi+ Dalitz distribution. In
calculating B(Λ+c → pK−pi+), we use the Dalitz-plot-integrated MC efficiency. The decay
amplitude in the MC is the incoherent sum of all known resonant two-body contributions.
We vary the relative contributions of these intermediate states within their uncertainties [1]
to estimate the systematic uncertainty due to the Dalitz model to be 1.1%. Possible differ-
ences in relative rates of individual Λ+c decay modes between MC simulation and data that
impact the fbiasε(Λ+c → pK−pi+) determination are estimated by studying the distributions
of the number of charged particles and neutral pions produced in Λ+c decays in MC and
data [18]; the corresponding systematic uncertainty is estimated to be 1.5%. We propagate
the statistical uncertainty of the rSBSR ratio and perform the background subtraction using
the upper and lowerM(Kppi) sidebands only and take the difference from the nominal value
to estimate the systematic uncertainty due to background subtraction (in total +0.5−0.9%). We
estimate the systematic uncertainty due to theMmiss(D(∗)ppi) fit model by varying the shape
parameter of the combinatorial background within its uncertainties (as obtained from the
WS sample fit) (±0.7%); using a second-order polynomial to describe combinatorial back-
ground instead of the exponential function (+1.5−2.8%); using a parameterization for the one-
or two-missing-particle backgrounds separately instead of the nominal mixture of the two
(±0.07%); giving an additional contribution to the total fit function that describes a pos-
sible peaking contribution from e+e− → D(∗)−ppi+Σc(2455/2520) events (±0.01%); varying
the signal shape parameters obtained from the fit to the inclusive sample in fits to the sig-
nal and sideband regions of the M(pKpi) distribution (±0.3%); and varying the fraction
of ISR within the signal model by ±20%, which is the precision of the prediction given in
Ref. [20] (±0.3%). The total systematic uncertainty is the sum of the above contributions
in quadrature.
In summary, we perform the first model-independent measurement of the absolute branch-
ing fraction of the decay Λ+c → pK−pi+ using the Belle final data sample corresponding to
978 fb−1. We measure B(Λ+c → pK−pi+) = (6.84 ± 0.24(stat.)+0.21−0.27(syst.))%, which repre-
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sents a fivefold improvement in precision over previous model-dependent determinations.
This measurement will also improve significantly the precision of the branching fraction of
other Λ+c decays and of decays of b-flavored mesons and baryons involving Λ+c .
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